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Single-molecule fluorescence methods have illuminated the dynamics of the translational
machinery. Structural and bulk biochemical experiments have provided detailed atomic and
global mechanistic views of translation, respectively. Single-molecule studies of translation
have bridged these views by temporally connecting the conformational and compositional
states defined from structural data within the mechanistic framework of translation produced
frombiochemical studies. Here, we discuss the context for applying different single-molecule
fluorescence experiments, and present recent applications to studying prokaryotic and
eukaryotic translation. We underscore the power of observing single translating ribosomes
to delineate and sort complex mechanistic pathways during initiation and elongation, and
discuss future applications of current and improved technologies.

Proteins must be translated rapidly, with
high fidelity and quality by the ribosome.

Translation is thus a highly dynamic process
with temporal changes in ligand stoichiometry
on the ribosome, and conformational changes
within ribosomes and ligands (Noller et al.
2017a,b; Rodnina et al. 2017). During initiation
in all organisms (Merrick and Pavitt 2018; Rod-
nina 2018), ribosomal subunits must assemble
at the correct start site on the messenger RNA
(mRNA) defined by specific mRNA–ribosome
interactions; this establishes the reading frame
for translation of the correct protein sequence.
On proper initiation, the assembled 70S or 80S
ribosome with initiator transfer RNA (tRNA)
base-paired with the start codon positioned in
the peptidyl-tRNA site (P site) is competent for
elongation of the polypeptide. During elonga-

tion (Dever et al. 2018; Rodnina 2018), the ge-
netic code is read by cognate aminoacyl-tRNAs
delivered to the aminoacyl-tRNA site (A site)
as a complex with a GTPase elongation factor
(EF-Tu in bacteria). This dynamic process of
tRNA selection occurs with high fidelity (one
wrong amino acid incorporated per 3000) (Loft-
field 1963), aided by the free energy of GTP
hydrolysis, ribosome and factor conformational
changes, and induced fit with kinetic proofread-
ing. Once a correct tRNA is accommodated
into the peptidyl transferase center (PTC) of
the ribosome, peptide bond formation occurs
with subsequent conformational changes in
the ribosome (intersubunit rotation) and tRNAs
(hybrid state formation). The codon–anticodon
pairs on the ribosome must be precisely and
rapidly moved from the P and A sites to the
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exit (E site) and P site during the process of
translocation, catalyzed by another GTPase
elongation factor (EF-G in bacteria), which
also resets the conformation of the ribosomal
subunit and places the next codon in the A
site. This elongation cycle repeats until a stop
codon enters the A site, which signals release
factors (RFs) to catalyze release of the polypep-
tide from the P-site tRNA during termination,
and then prompts the ribosomal subunits to be
split during recycling (Hellen 2018).

PROBING THE DYNAMICS OF
TRANSLATION

The basal process of translation is thus highly
directional and dynamic. Even after the process
of ribosome biogenesis, whereby ribosomal RNAs
are transcribed, processed, and assembled with
ribosomal proteins (Shajani et al. 2011), the ri-
bosome undergoes numerous changes in con-
formation and composition during translation
(Fig. 1). Ribosomal subunits assemble during
initiation; tRNAs flux through the ribosome as
it traverses amessenger RNA (mRNA) (Uemura
et al. 2010), unfolding potential RNA structures
(Wen et al. 2008), while spooling out a growing
nascent polypeptide (which also may fold co-
translationally) during elongation (Thommen
et al. 2017); and the disassembly of this transla-

tion complex demands coordinated binding and
catalysis of many protein factors triggered by the
stop codon signal (Petry et al. 2008; Sternberg
et al. 2009; Dever and Green 2012; Koutmou
et al. 2014; Peske et al. 2014; Prabhakar et al.
2017a). Underlying the process of translation
are conformational dynamics of the ribosome
andmacromolecules that guide translation (Prab-
hakar et al. 2017b). Layered onto the basal process
are regulatory events that modulate temporally
the output of translation—the nature, rates, and
efficiency of production of the protein product.
Anunderstanding of dynamics is thus required to
delineate the mechanism of translation.

Traditional study of dynamics involvesmea-
surements in bulk on large numbers of mole-
cules in solution (Wintermeyer et al. 2004; Jo-
hansson et al. 2008). Chemical and biochemical
kinetics methods have provided the lion’s share
of information on the time evolution of transla-
tion. Reactions are initiated by rapid mixing of
the components, and a time-dependent signal is
measured in a stopped-flow system either (1) in
real time (e.g., fluorescence) to report composi-
tional and conformational changes (Rodnina
et al. 1994; Studer et al. 2003; Koutmou et al.
2014), or (2) using quenched-flow methods re-
cording a chemical signal as a function of time to
report chemical changes (peptide bond forma-
tion, GTP or ATP hydrolysis) (Bilgin et al. 1992;
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Figure 1.Dynamic picture of translation. Translation is regulated through a complex network of interactions and
movements of the ribosomal subunits, the translated messenger RNA (mRNA), the adaptor transfer RNAs
(tRNAs), protein translation factors, and the growing nascent peptide chain. Key dynamic features of translation
are highlighted.
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Pape et al. 1998). By using these approaches, the
basic kinetic mechanisms of initiation (Antoun
et al. 2003; Milon et al. 2012), elongation (Gro-
madski et al. 2002; Johansson et al. 2008), and
termination/recycling (Karimi et al. 1999;
Zavialov et al. 2001; Peske et al. 2005, 2014;
Koutmou et al. 2014) in bacteria have been
determined, and progress in understanding the
special features of eukaryotic translation made
(Shoemaker and Green 2011). More recently,
ribosome profiling has revolutionized the study
of translation in vivo, by quantifying the occu-
pancy of ribosomes at specific positions on a
given mRNA (Ingolia et al. 2009, 2018). These
data, derived by deep sequencing of mRNA
fragments protected by ribosomes from nucle-
ase treatment, can be quantitatively treated to
delineate translation rates and potential pausing
sites during elongation (Brar and Weissman
2015).

From these data, the timescales of translation
can be determined. Translation initiation occurs
on a seconds-to-minutes timescale, whereas elon-
gation rates are 1–20 amino acids per second (de-
pending on in vivo or in vitro systems) (Young
and Bremer 1976; Pedersen 1984; Pavlov and Eh-
renberg 1996), and termination/recycling also
takes seconds (Pavlov et al. 1997). This defines a
key window of dynamic processes in themillisec-
ond-to-second range to embrace translation and
suggests approacheswith corresponding time res-
olutions to investigate dynamics.

Structural biology has revolutionized the
study of translation over the past two decades.
Crystal structures of individual subunits and
70S bacterial ribosomes first revealed the archi-
tecture of the RNA–protein assemblies (Ban
et al. 2000; Schluenzen et al. 2000; Wimberly
et al. 2000). Subsequent crystallographic inves-
tigations revealed the basis for tRNA–mRNA
decoding (Ogle and Ramakrishnan 2005), factor
interaction sites (Gao et al. 2009), and GTPase
activation of factors (Voorhees et al. 2010), and
suggested mechanisms of initiation, transloca-
tion, and termination/recycling (Schmeing and
Ramakrishnan 2009). In parallel, cryoelectron
microscopy (cryoEM) has contributed enor-
mously to our understanding of structure, in
early years at low resolution, and more recently

at atomic resolution (Jobe et al. 2018). CryoEM
has allowed investigation of eukaryotic ribosom-
al complexes (yeast, human) involved in initia-
tion (Passmore et al. 2007; Fernandez et al.
2013), elongation (Murray et al. 2016), termina-
tion (Taylor et al. 2012; Brown et al. 2015;
Matheisl et al. 2015), and recycling (Becker
et al. 2012). In addition, single-particle cryoEM
methods (including parallel improvements in
computation) have revealed conformational
and compositional heterogeneity by sorting dis-
tinct classes of translational complexes (Llacer
et al. 2015; Hussain et al. 2016). These structural
studies highlight static conformational flexibili-
ty but lack a temporal dimension.

A dream of structural biology is real-time
observation of conformational states. Nuclear
magnetic resonance (NMR) spectroscopy probes
the dynamics of biological systems directly, ei-
ther at fast (10−9 s), intermediate (10−6–10−3 s),
or slow (seconds-to-minutes) timescales (Ko-
vermann et al. 2016). Although NMR provides
residue-level information on dynamic move-
ments, correlated domain motion is more diffi-
cult to observe. Most critically, solution NMR is
limited by size constraints to systems smaller
than the ribosome (Huang and Kalodimos
2017). These size limitations can be overcome
by application of challenging solid-state NMR
measurements (Barbet-Massin et al. 2015; Kur-
auskas et al. 2016), but, unfortunately, NMR
has not been a leading tool in delineating trans-
lational dynamics. Time-resolved crystallo-
graphic approaches are feasible, but require
coordinated changes occurring within a crystal-
line lattice, often triggered by light (and limited
to rather small conformational changes). Recent
advances in rapid mixing have allowed a merg-
ing of cryoEM and rapid-mixing kinetics to ob-
serve the structural intermediates involved in
ribosome recycling (Fu et al. 2016). Further
development of time-resolved tools will remain
a frontier of structural biology.

STUDYING TRANSLATION WITH
SINGLE-MOLECULE FLUORESCENCE

Fluorescence spectroscopy provides a highly
sensitive probe of biological dynamics. Using
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modern dyes, fluorescence from single dyes can
be readily detected using standard optics and
solid-state cameras (Betzig and Chichester
1993). Stable, bright fluorophores (Cy dyes,
Alexa dyes) have been developed that are
excited by standard lasers, with fluorescence
emission at different visible wavelengths; these
bright dyes emit millions of photons as they go
through their photocycles before irreversible
chemical reactions (photobleaching) that termi-
nate fluorescence (Ha and Tinnefeld 2012).
These properties have allowed application of
single-molecule approaches over the past two
decades (Michalet et al. 2003).

To use single-molecule fluorescence ap-
proaches, biological molecules must be fluores-
cently labeled with bright extrinsic fluorophores.
These are usually the organic dyes discussed in
the previous paragraph (Ha and Tinnefeld
2012), as fluorescent proteins tend to be dimmer
with poorer photophysical properties for single-
molecule dynamics studies. For nucleic acids,
labeling can be achieved through chemical syn-
thesis of oligonucleotides, hybridization of a la-
beled DNA or RNA to a target nucleic acid, or
modification of thiols or primary amines placed
within or at termini of an RNA or DNA (Solo-
matin and Herschlag 2009). For proteins, dyes
can be attached to engineered cysteines using
maleimide chemistry, often by mutagenesis to
create a single-cysteine version (Nanda and
Lorsch 2014). Alternatively, nonnatural amino
acids can be incorporated, allowing use of or-
thogonal chemistries (e.g., CLICK). A number
of additional tagging methods have been devel-
oped, which include a full protein or peptide
domain that can be dye labeled (SNAP, Halo-
Tag, ybbR) (Keppler et al. 2003; Yin et al. 2006;
Los et al. 2008). For all these labeling approach-
es, the function of the modified protein must be
tested, as modification of the protein (either the
sequence, length, or dye labeling) may greatly
perturb function. Such biochemical controls
are absolutely essential for subsequent valid
biophysical investigation.

By observing the behavior of single mole-
cules, complex dynamic behavior of biomolec-
ular systems can be determined and sorted, free
from ensemble averaging. Single-molecule fluo-

rescence experiments are often performed with
systems immobilized on surfaces, such that they
can be observed for long time periods (seconds-
to-hours) without diffusing away (Fig. 2A).
These experiments harness surface chemistry
to make the (usually) SiO2 surface inert to non-
specific binding of biomolecules, often using
polyethylene glycol (PEG) derivatization of the
surface, while using biotin–streptavidin interac-
tions to provide specific, stable tethering of
biomolecules to a surface (Fig 2A) (Ha 2001).
The simplest single-molecule experiment mon-
itors ligand binding and dissociation (Fig. 2B).
A fluorescent ligand (labeled protein, DNA/
RNA) is present in solution that can bind to a
surface-immobilized biomolecule; fluorescence
is normally excited using total internal reflec-
tance (TIR), whereby a laser illuminates a quartz
surface at a certain angle (dependent on the re-
fractive index of the surface) to create an evanes-
cent field that extends ∼100 nm above the sur-
face, leading to wide spatial excitation. Binding
of the fluorescent ligand to the surface-immobi-
lized biomolecule leads to a burst in fluores-
cence, as the fluorophore is localized for a long
period to emit photons. The free fluorescent
molecule in solution is also excited but if the
concentration is kept below ∼20–50 nM, the
average occupancy of the fluorophore in this
“excitation” volume caused by diffusion is less
than one, leading to baseline fluorescence lower
than the fluorescent burst. Using this experi-
ment, the kinetics of ligand binding and disso-
ciation can be measured at the single-molecule
level by analyzing the statistical distribution of
binding event lifetimes (dissociation rate), or
times between events (association rate). Thus,
simple compositional dynamics (ligand occu-
pancy as a function of time) can be measured
for biomolecular systems.

Multiple ligands can be tracked at higher
free ligand concentration using different sin-
gle-molecule configurations. We have applied
nanophotonic devices called “zero-mode wave-
guides” (ZMWs) that reduce the excitation
volume by orders of magnitude, allowing use
of free ligand concentrations up to µM (Levene
et al. 2003). This is critical in studying transla-
tion, in which many translational components
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are at the micromolar range to drive rapid asso-
ciation of ligands and efficient translation. The
ZMWs are roughly cylindrical chambers 100–
180 nm in diameter and ∼200 nm deep, with
transparent quartz (with biotin-PEG) bottoms
to immobilize and excite biomolecular and alu-
minum (or other conductor) sidewalls (Fig. 2C).

Propagating laser excitation is quenched as it
moves up the Z-axis of the ZMW, leading to
high excitation only near the surface. We have
applied a sophisticated optical system that
allows detection of fluorescence with two laser
excitation and four different emission channels
(Chen et al. 2014). We can thus monitor, in
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Figure 2. Compositional studies of translation using single-molecule fluorescence. (A) Fluorescently labeled
biomolecule (green) functionalized with a biotin is immobilized to the polyethylene glycol (PEG)-derivatized
SiO2 surface through biotin–streptavidin interactions. Total internal reflectance (TIR) shown here produces an
evanescent field, exciting only fluorophores within 100 nm from the surface. (B) Binding of a second labeled
biomolecule (red) in solution to the immobilized biomolecule results in detection of red fluorescence burst, from
which arrival and departure times can be measured. (C) Zero-mode waveguides (ZMWs) allow delivery of up to
four different fluorescently labeled ligands at micromolar concentrations caused by its shorter excitation lengths
with direct illumination by green (532 nm), red (642 nm), and cyan (488 nm) lasers. (D) 70S ribosomes with
fMet-Cy3-tRNAfMet (green) were immobilized by the biotinylated mRNA and real-time transit of Phe-Cy5-
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translation initiation in bacteria (see text for details).
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real time, the ligand occupancy on a translation
complex of up to four different ligands simulta-
neously. This allows determination of the rela-
tive order or coordination of ligand arrival and
departures in translation, which we outline fur-
ther in the next section.

EARLY COMPOSITIONAL STUDIES OF
TRANSLATION USING OUR ZMW
APPROACH

The power of this real-time compositional ap-
proach was first shown using labeled tRNAs
during bacterial translation initiation and elon-
gation. Using dye-labeled tRNAs (with dyes
placed at the elbow position of the L-shaped
tRNA, which does not interfere with function),
we could track the arrival of tRNAs to an A-site
codon, occupancy on the ribosome as the tRNA
moves from A to P to E sites, and subsequent
departure from the E site at each codon (Fig. 2D)
(Uemura et al. 2010). The tRNA-binding events
overlap, during two-tRNA occupancy, and
from these data a codon-by-codon translation
rate could be calculated. Importantly, these
data showed a lack of coupling of A-site tRNA
arrival with E-site tRNA departure.

We have applied similar approaches to deter-
mine the ligand-binding dynamics and pathways
of translation initiation. We first investigated
prokaryotic translation initiation, using labeled
initiator tRNA, subunits, and initiation factor
IF2 (Tsai et al. 2012). Using different color

dyes on the different components, we could
track the arrival of initiator tRNA, IF2, and
50S subunit simultaneously in real time (Fig.
2E). These experiments showed heterogeneous
pathways for fMet-tRNAfMet and IF2 arrival,
with the two components (which interact) arriv-
ing either sequentially or simultaneously on the
30S subunit. The simultaneous pathway occurs
more frequently at higher concentrations of IF2
and tRNA. Both sequential and simultaneous
pathways lead to efficient 50S subunit joining,
with IF2 departing rapidly from the assembled
70S subunit. These experiments showed the
power of tracking translational pathways with
single-molecule approaches.

REAL-TIME TRACKING OF
CONFORMATION DURING
PROKARYOTIC TRANSLATION

A powerful application of single-molecule fluo-
rescence uses Förster resonance energy transfer
(FRET) to probe conformational dynamics (Sel-
vin 2000; Ha 2001). FRET relies on through-
space, dipolar interactions between donor and
acceptor dyes to allow energy transfer between
the low-wavelength donor to higher-wavelength
acceptor (Fig. 3A). The efficiency of the energy
transfer depends on multiple factors (quantum
yield of the donor, overlap of the emission
spectrum of the donor with the absorbance
spectrum of the acceptor, refractive index of
the medium, dynamic orientations of the two

Figure 3.Conformational studies of translation using single-molecule Förster resonance energy transfer (FRET).
(A) With single-laser excitation of the donor dye, fluorescence intensities of donor (green, Id) and acceptor (red,
Ia) dyes attached to a surface-immobilized biomolecular complex are measured to calculate the FRET efficiency
(EFRET), which reports distance between the fluorophores (R) used to define conformational states of a biological
process. (B) Cy3 andCy5 labeling of P-site andA-site transfer RNAs (tRNAs), respectively, was used to follow the
tRNA conformations during tRNA selection stage of elongation (Blanchard et al. 2004a). (C) (Left) Helix44 of
30S subunit was labeled with Cy3 and Helix101 of 50S subunit was labeled with Cy5, bringing the dyes within
FRET distance to report intersubunit conformational changes (Marshall et al. 2008b). (Right) With immobili-
zation of Cy3-30S (green) as a preinitiation complex and delivery of Cy5-50S (red) along with Phe-tRNAPhe and
elongation factors, subunit joining is signaled by the simultaneous burst of Cy5 fluorescence and dip in Cy3
fluorescence at the beginning, and anticorrelated changes in the Cy3 and Cy5 fluorescence intensities correspond
to transitions between the nonrotated and rotated conformational states evolved from cycles of peptidyl transfer
and translocation during elongation. (D) Replacing the acceptor dyes in tRNA and ribosome labels in B and C
with nonfluorescent quenchers (QSY9, QSY21, respectively) allowed simultaneous detection of ribosome inter-
subunit and tRNA conformations with Cy3 labeling on Lys-tRNALys and Cy5 labeling on the 30S subunit (Choi
and Puglisi 2017).
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dyes) but most critically the interdye distance,
R, with 1/R6 dependence. For a given dye pair,
this efficiency is given by the equation in Figure
3A, in which R0 is a characteristic of the dye
pair (incorporating the parameters discussed
above) and represents the distance separation
for 50% energy transfer from donor to acceptor.
With R0 values of typical FRET dye pairs (e.g.,
Cy3 and Cy5) at 40–50 Å, FRET efficiencies
vary from 100% at interdye distances below 30
Åtozerobeyond80 Å; inbetween,FRETdepends
steeply on interdye distance, making FRET a
powerful probe in this range. As such, these
FRET measurements are best applied to larger
systems with appropriate interdye distances. The
ribosome, with its large geometry (250 Å sphere)
is an outstanding system to apply FRET.

FRET energy transfer rates are rapid (nano-
second timescale), so FRET provides a powerful
probe of conformational dynamics in transla-
tion. Changes in interdye distances from a
conformational change in a two-state process
appear as abrupt changes in single-molecule
FRET trajectories that are readily analyzed. We
initially characterized tRNA dynamics on the
bacterial ribosome using FRET between A-
and P-site tRNAs (Fig. 3B) (Blanchard et al.
2004b), as tRNAs were thought to change con-
figurations on the ribosome during translation.
Using Cy3 donor dye on the P-site tRNA and
Cy5 acceptor dye on the A-site tRNA, FRET
monitored the arrival of Cy5-(acceptor) labeled
tRNA as a ternary complex with EF-Tu in the
A site, and subsequent steps of GTP hydrolysis
by EF-Tu, accommodation and conformational
changes post-peptide bond formation. Using
these experiments, we observed the dynamic
pathway of tRNA selection, how near cognate
tRNAs are rejected, and how drugs perturb the
conformational dynamics of tRNA selection
(Blanchard et al. 2004a). Cognate aminoacyl-
tRNAs rapidly proceed through an initial low
FRET through GTPase activation (medium
FRET) to accommodated states (high FRET),
whereas near-cognate tRNAs are rejected at ear-
lier steps and rarely proceed to accommodation.
Drugs, such as tetracycline, disrupt these process-
es; with tetracycline blocking the final position of
the codon–anticodon on the small subunit, only

brief, low FRET-binding events of cognate ternary
complexes were observed. Small molecule drugs
are powerful disrupters of ribosome dynamics.

FRET has been used to observe many fea-
tures of ribosome function. With ribosome
structures as blueprints, FRET probes can be
placed at appropriate points in the ribosome.
Ribosomal proteins can be labeled using sin-
gle-cysteine mutants or more sophisticated tag-
ging methods (peptide tags, nonnatural amino
acid incorporation), and incorporated into ribo-
somes during biogenesis. The labeled ribosomal
protein can be incorporated into ribosomal par-
ticles that have single protein deletions in certain
cases (Ermolenko et al. 2007) or by in vitro re-
constitution (Hickerson et al. 2005). Ribosomal
RNA has been labeled using mutations of ribo-
somal RNA elements to allow hybridization
of labeled oligonucleotides (Dorywalska et al.
2005). In all cases, the function of the labeled
ribosomes must be tested.

Using labeled bacterial ribosomes, we and
others have investigated intersubunit confor-
mation (Ermolenko et al. 2007; Marshall et al.
2008b), head movement of the ribosome
(Hickerson et al. 2005), and dynamics of the L1
stalk region (Fei et al. 2008; Cornish et al. 2009).
By using our labeling scheme (helix44 on the
small subunit, helix101 on the large), the inter-
subunit rotational stateof the ribosomeas itpass-
es from initiation, to elongation, to termination,
and then to recycling, has been tracked (Marshall
et al. 2008b, 2009; Prabhakar et al. 2017a). The
two most populated intersubunit states involve
the nonrotated and rotated conformations dis-
tinguished by rotation of 3°–10° (Valle et al.
2003). The two states interconvert on peptide
bond formation or translocation driven by
EF-G (or the action of IF2-GTP or RF3-GTP);
the nature of the barrier height of this confor-
mational change remains to be determined.
However, this conformational signal allowed
tracking of translation. Initiation is signaled by
the arrival of FRET (subunits join) and elonga-
tion by cycles of high to lower to high FRET,
representing one round of tRNA selection, pep-
tide bond formation, and translocation (Fig. 3C).
We have used these signals to watch translation
in real time (Aitken and Puglisi 2010).

A. Prabhakar et al.
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These FRET measurements provide time-
resolved conformational information on the ri-
bosome during translation. However, all FRET
measurements suffer from the sensitivity of
FRET to parameters beyond interdye distance
(dye mobility, photophysics of the dyes, the in-
terdye medium). Thus, conformational infor-
mation should be obtained from multiple per-
spectives using multiple labeling schemes, with
each FRET measurement at best representing
a single distance within the complexity of the
translational apparatus. In addition, conforma-
tional changes can be correlated to ligand arrival
and departure, but this is challenging with
normal FRET as a result of cross talk of the
individual dyes required to measure FRET
and ligand arrival. By swapping the acceptor
dye with a nonfluorescent acceptor that can
absorb the energy transfer via FRET but release
it as heat and not light, the normal acceptor
dye (e.g., Cy5) can be used to label the ligand.
We first showed this quencher approach in
tracking the ribosome intersubunit conforma-
tions during translation (Chen et al. 2012). Us-
ing this “one-color” FRET, correlated confor-
mational changes with ligand arrival and
departure have been measured, and reviewed
extensively elsewhere (See Fig. 4) (Chen et al.
2013; Prabhakar et al. 2017b).

Recently, we expanded this quencher ap-
proach to monitor two conformational changes
simultaneously (Choi and Puglisi 2017). We
used two donor–quencher dye pairs, and de-
signed the separation of the pairs to be greater
than 100 Å to avoid cross talk. As such, we could
monitor intersubunit conformation directly
correlated to tRNA–tRNA conformation during
translation. Our results allowed us to show that,
as expected from structural data, these confor-
mational fluctuations were correlated. Using
this approach, we identified a novel intermediate
intersubunit rotational state when three tRNAs
reside in the A, P, and E sites. This three-tRNA
state slows elongation until E-site tRNA is
spontaneously released, allowing EF-G to drive
translocation. Further structural characteriza-
tion is needed to confirm this state, but these
results highlight the future interplay of struc-
tural and single-molecule approaches.

Biological machines generate force during
their function. Using optical trapping methods,
the forces generated by these machines can be
measured or perturbed in real time, providing a
direct view of their mechanochemical cycle. In
an optical trapping experiment, biological sys-
tems are tethered to large beads, which can be
manipulated and trapped by a strong laser beam.
As forces are generated, the bead is pulled out of
the beam, allowing measurement of the force
generated by, or application of force upon,
the system. Traditionally, optically trapping
has been applied to protein motors (myosins,
kinesins, gyrases) and polymerases, because
the rigidity of nucleic acids allows more facile
trapping and monitoring of forces. It is far more
challenging to apply these approaches to trans-
lation, which occurs on a flexible single-strand-
ed RNA. By circumventing these difficulties
through clever experimental and instrument de-
signs, Bustamante, Tinoco, and colleagues have
elegantly explored the mechanisms of ribosome
movement during translocation (Wen et al.
2008) and protein folding (Kaiser et al. 2011)
on the ribosome. These experiments showed
how ribosomes efficiently unfold mRNA struc-
tures, and revealed the forces generated by both
the ribosome and protein folding within the
ribosomal peptide exit tunnel. These force mea-
surements can be combined with fluorescence
and/or FRET to provide combined force and
conformation/composition information. Such
experiments will be powerful probes of transla-
tional processes.

RECENT WORKON BACTERIAL
TRANSLATION

To understand the applications of single-mole-
cule fluorescence methods to translation, we
highlight below some recent examples from our
ownwork; this, of course, is completely arbitrary,
and ignores the outstanding work performed by
many other groups through the years (Gonzalez,
Blanchard, Cooperman, Goldman, and others).
Our goal is not to be comprehensive—many re-
cent reviews have covered the field extensively—
but to give examples of how these methods can
provide insights into aspects of translation (Mar-
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shall et al. 2008a; Blanchard 2009; Perez and
Gonzalez 2011; Petrov et al. 2012).

Effect of mRNA Chemical Modifications on
Elongation Dynamics

Recent transcriptome-wide mapping revealed
the prevalence of different RNA chemical mod-
ifications within the coding sequences of cellular
mRNAs (Roundtree et al. 2017). These findings
suggested that these modifications may modu-
late the decoding steps of elongation. We inves-
tigated this phenomenon by testing the effects of
two frequently occurring modifications, N6-
methyladenosine (m6A) and 20-O-methylation
(Nm), on the dynamics of elongation. By simul-
taneously tracking binding of labeled tRNA
(Cy5) and ribosome conformation (Cy3B-
quencher) in our single-molecule translation
system (Fig. 4A), combined with bulk biochem-
ical and structural studies, we discovered that
the two mRNA modifications perturb different
steps of the tRNA-decodingmechanism of elon-
gation. The methylated adenosine of the m6A-
containing codon destabilizes the codon–anti-
codon interactions critical in the initial tRNA
selection step, thus increasing the probability
of tRNA rejection in the early stage of decoding
(Choi et al. 2016). Methylation of the 20OH of
the ribose sugar in Nm, however, does not dis-
rupt codon–anticodon base-pairing; instead, it
sterically blocks interactions that allow forma-
tion of the correct geometry of ribosomal mon-
itoring bases required to activate the GTPase of
EF-Tu, a requisite for successful tRNA accom-
modation (Choi et al. 2018). In addition to
mechanistic differences, Nm results in an enor-

mous slowdown in translation of the codon
(1500-fold) in contrast to the modest effects of
m6A (18-fold). This disparity may signify diver-
sity in regulatory elements to tune the local
translation elongation rates, which could in
turn modulate coupled cotranslational process-
es like protein folding (Kim et al. 2015).

Ribosome and mRNA Structural
Rearrangements during Bypassing

Programmed translational bypassing, in which a
ribosome hops over a long stretch of mRNA
nucleotides during elongation, remains one of
the most unusual and understudied translation-
al phenomena. The best-documented example
of this occurs in bacteria when the Escherichia
coli ribosome translates and bypasses a 50-nt
stretch of the T4 bacteriophage gene 60 mRNA
from theGly-45 (take-off ) codon to another Gly
(landing) codon. Two key stimulatory elements
that initiate this process are an upstreamnascent
peptide signal and an mRNA hairpin structure
at the take-off site with a UUCG tetraloop (Fig.
4B). The mechanism of stimulation by these
elements as well as correct ribosome landing
remained unclear. Interested in how these ele-
ments changed the translation elongation dy-
namics, we tracked gene 60 translation using
our single-molecule intersubunit dye-quencher
system (Chen et al. 2015). Measuring local elon-
gation rates, we observed a gradual slowdown
in elongation as the ribosome approached the
bypass site. After incorporation of the Gly-
tRNAGly at the take-off codon, 35% of the ribo-
somes experienced a 10- to 20-fold longer pause
in the rotated state, while the rest translocated to

Figure 4. Recent work on bacterial translation involved use of intersubunit dye–quencher labeling (Cy3B-30S
and BHQ-2-50S; see Fig. 3C for labeling positions) to track ribosome conformation (green signal). (A) Mon-
itoring Lys-Cy5-tRNALys-binding dynamics (red) on ribosomes with Nm-modified mRNAs (Choi et al. 2018)
shows multiple short Cy5 pulses representing tRNA rejection events, explaining the long ribosome stall in
nonrotated state. (B) Tracking translation of gene 60mRNA revealed that the subset of ribosomes that bypassed
stalled at the take-off Gly-45 codon in the rotated state. (C) Simultaneously tracking the ribosome intersubunit
conformation (green), Cy5-RF binding (red), and P-site tRNA occupancy (Phe-Cy5.5-tRNAPhe, violet) during
translation termination and recycling (Prabhakar et al. 2017a) helped resolve the posttermination rotated state, a
key intermediate preceding subunit splitting step (catalyzed by RRF and EF-G) and subsequent 30S complex
disassembly (performed by IF3).
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the adjacent stop-46 codon and stopped trans-
lating. For the 35% that paused at codon Gly-45,
elongation continued afterward, representing
the subset of ribosomes that successfully by-
passed. This long, noncanonical rotated-state
pause became the centerpiece of an updated
mechanisticmodel. Themodel describes the ini-
tial slowdown at codons 40–45 to be caused by
the peptide interacting with and/or folding
within the ribosome peptide exit tunnel. This
results in buildup of tension until the rotated
state pause at Gly-45 occurs, producing weak-
ened ribosome–tRNA–mRNA interactions key
to promoting bypassing. At this point, the take-
off hairpin is partially melted within the mRNA
channel, so EF-G-catalyzed translocation then
leads to refolding of the UUCG tetraloop that
then threads mRNA in the 50 direction, initiat-
ing bypassing. Tracking the ribosome position
relative to the landing site with ribosome–
mRNA FRET showed that the ribosome reaches
near the landing site rapidly but spends most
of the long rotated-state pause trekking a short
distance to find the appropriate landing site.
Through this work, we laid amechanistic frame-
work that places the newly discovered stalled
translational state as the focal point and high-
lights the important coupling of ribosome and
mRNA structural rearrangements to successful
bypassing.

Dynamic Coupling of Prokaryotic Translation
Termination and Ribosome Recycling

The ribosome undergoes multiple cycles of
elongation as it decodes every codon with
the exception of the three stop codons (UAG,
UGA, UAA), which signal the closing events of
nascent peptide release (termination) and ribo-
some disassembly (recycling) (see Rodnina
2018). Termination begins with the recruitment
of two classes of RFs. The class I RF (RF1 and
RF2 in bacteria) recognizes the stop codon and
catalyzes the release of the peptide. Bacterial
class II RF, or RF3, is a nonessential (Grentz-
mann et al. 1994; O’Connor 2015) GTPase fac-
tor that accelerates the dissociation of class I RF
from the ribosome (Freistroffer et al. 1997),
but its general role in translation is still uncer-

tain. Thus, the molecular events that occur after
peptide release are still unclear. Eventually,
the posttermination ribosome complex is disas-
sembled through a recyclingmechanism involv-
ing ribosome recycling factor (RRF), elongation
factor EF-G, and initiation factor IF3. This
mechanism was still unclear owing to the diffi-
culty in resolving transient intermediates of the
process.

Using single-molecule real-time tracking of
all four stages of translation, we resolved a key
intermediate at the transition from termination
to recycling and delineated the timings of events
during recycling (Prabhakar et al. 2017a). As our
intersubunit dye–quencher system monitored
initiation and elongation, we tracked binding
of Cy5-labeled class I RF during termination
(Fig. 4C). We discovered that after successful
peptide release, class I RF dissociation triggers
an intersubunit rotation from the nonrotated to
the rotated state. This posttermination rotated
state represents an unstable intermediate that
either undergoes uncatalyzed ribosomal subunit
splitting or RF rebinding. We found that RRF
binds to this intermediate to block RF from re-
binding and forms the ribosomal substrate for
EF-G, to catalyze subunit disassembly through
GTP hydrolysis. IF3 binds to the remaining
30S•tRNA•mRNA complex to induce dissocia-
tion of the deacylated tRNA, followed by rapid
dissociation of the 30S subunit from the mRNA.
By simultaneously tracking ribosome confor-
mation and occupancy of tRNA and protein
factors, most of the events of termination and
recycling were temporally resolved to bring light
to the dynamic coupling between these process-
es. This method will be powerful in answering
further questions surrounding termination and
recycling, such as the role of RF3 in this mech-
anism.

RECENT WORKON EUKARYOTIC
TRANSLATION

The mechanistic pathways by which eukaryotic
translation initiation occurs remain unclear
and are an outstanding target for single-mole-
cule analyses. However, single-molecule experi-
ments on eukaryotic translation are challenged

A. Prabhakar et al.
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by the complexity of the process, and the prac-
ticality of labeling factors, ligands, and ribo-
somes for tracking. We have applied a variety
of approaches to obtain labeled versions of
initiation factors and ribosomes in yeast and
human translation systems. These include yeast
genetic approaches (Petrov and Puglisi 2010) or
CRISPR knockouts (Fuchs et al. 2015) to obtain
pure populations of mutant ribosomes, which
can be labeled using nucleic acids or labeled
proteins added back to the mutants. We have
also developed genetic systems for labeling crit-
ical initiation factors (such as eIF3) in humans
and have shown the power of using these labeled
reagents to track translation initiation processes
directly (Johnson et al. 2017).

We first applied single-molecule approaches
to themuch simpler internal ribosome entry site
(IRES)-mediated mechanisms, which require a
small subset of factors. We showed that human
40S subunits can form dynamic complexes with
the hepatitis C virus (HCV) IRES by using FRET
between the IRES RNA and labeled ribosomal

protein eS25 on the 40S subunit (Fig. 5A) (Fuchs
et al. 2015). We determined the pathways by
which the cricket paralysis virus (CrPV) IRES
initiates translation directly without initiation
factors or initiator tRNA (Petrov et al. 2016).
Using direct tracking of 40S and 60S subunits
and tRNAs, we could determine the distinct
pathways by which the IRES initiates (Fig. 5B).
In addition to an expected sequential pathway in
which 40S subunits bind to the IRES RNA, fol-
lowed by 60S subunit binding, we observed a
significant population of direct 80S ribosome
arrival (simultaneous 40S and 60S binding) to
an IRES. Both pathways were equally functional
in subsequent elongation, which required the
continued presence of eEF2•GTP to allow the
first elongator tRNA to bind.We also uncovered
heterogeneity in reading frame establishment,
with ribosomes initiating on the IRES in both
the 0 and +1 frame. Even for a simple system like
the CrPV IRES, single-molecule approaches re-
vealed the complex pathways bywhich initiation
occurs (Fig. 5C).
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CONCLUDING REMARKS

Single-molecule approaches have provided a
structurally dynamic view of translation, com-
plementing biochemical and structural experi-
ments. Single-molecule measurements have
connected structural states, determined by X-
ray crystallography and cryoEM, into amore co-
herent pathway of states during normal initia-
tion, elongation, and termination. In short, these
methods have animated the static pictures from
structural biology and identified transient states
that are difficult to capture by these methods. By
tracking single ribosomes, the simple, linear view
of translation has been adjusted. These methods
have parsed distinct, parallel pathways in nonca-
nonical translation during initiation, frameshift-
ing, and bypassing, which directly determine the
timing and outcome of protein synthesis. De-
spite these advances, many open questions re-
main. In bacterial translation, the interplay of
the nascent protein chain and its folding with
translational dynamics is a fascinating frontier
of investigation. The dynamics of multiple ribo-
somes (polysomes) on an mRNA, and whether
there is communication between ribosomes,
should be probed. Eukaryotic translation and
its regulation remain a challenging and central
topic that has only recently been explored. New
methods that access faster timescale dynamics
and embrace greater complexity will be needed
to elucidate the dynamic role of translation in
human health and disease.
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